Electrochemical capacitors are viable energy storage solution but their low energy density restricts their widespread deployment in many electronic devices. The motivation behind hybrid capacitor is the desire to improve the energy density output of electrochemical capacitors by combining electrodes capable of storing charges by surface adsorption with redox active electrodes. The overall performance output of the energy storage device are governed by the intrinsic characteristics of electrodes employed and their preparation techniques. In this paper, we discuss different hybrid capacitor devices employing binder-free electrodes based on electrostatic spray deposition or electrophoretic deposition techniques.
Introduction
Electrochemical capacitors (ECs) are considered high power density devices that may meet the energy storage demands of many electronic systems such as mobile devices, electric vehicles and uninterruptible power supplies (UPS) [1] .While ECs are attractive due to their ability to provide rapid charge uptake and delivery over several thousand of cycles beyond batteries, their low energy density(ca. 10 Whkg -1 ) characteristics represents a major drawback hindering their widespread deployment in many applications [2, 3] . Several efforts have proposed the internal hybridization of ECs and batteries as a promising solution approach capable of providing good combination of high energy-power density output and excellent cyclability [4] . Such concept lead to another class of energy storage device known as hybrid capacitors which essentially combines the characteristics of EC and batteries at electrode level [5] . Different material combinations has been implemented for this purpose with the central principle based on electrode operating by non-faradaic surface charge storage mechanism coupled with other electrode based on faradaic redox charge storage process.
The performance limit of hybrid capacitors like any other electrochemical energy storage device, is mainly governed by the characteristics of their electrode materials and their fabrication techniques. Obviously, improving the performance of a hybrid capacitors requires efforts on maximizing electrode performance in terms of specific capacity and cycling stability. Electrode fabrication in electrochemical cells typically utilize metal current collector, active material, conductive additives and polymer binders. However, some non-active components such as binder, conductive agent and even current collectors can be removed from electrode to give high performance output [6] .
Herein, we present an overview of research efforts carried out in our group on binder-free electrodes including electrostatic spray deposition (ESD) and electrophoretic deposition (EPD) process for hybrid capacitors. Considering ESD technique, it can be related to electrostatic atomization of liquid, well recognized in crop spaying or painting. ESD has currently become useful in the preparation of electrode materials for electrochemical energy storage [7] . ESD process involves the atomization of precursor solution of materials and deposition on heated substrates by the application of electric field [8] . It enables the fabrication of binder-free electrode films with different advantageous morphology and high yield using a simple set-up without vacuum systems. The ability to generate electrode films of hierarchical porous structures with highly interconnected networks extend the versatility of ESD. EPD set-up comprises two electrodes immersed in a dispersion of charged particles [9] . When electric filed is applied, the particles migration occurs to form a deposit on electrode of opposite charge. This paper discusses the performance output of lithium-ion capacitor (LIC), a non-aqueous lithium-based hybrid capacitors and also highlight the fabrication and performance of aqueous microscale asymmetric hybrid supercapacitors with binder-free or conducting additive-free electrodes.
Scale-up LICs designed as coin cell-type deliverables

3V LICs containing ESD derived TiO2-Li4Ti5O12 composite anodes and nanostructured carbon based cathodes
In this work, reduced graphene oxide-carbon nanotubes (rGO-CNT) and TiO2-Li4Ti5O12 (ATO-LTO) electrodes prepared by ESD (schematic shown in Figure 1 (a)) were used as cathode and anode, respectively, for the LIC construction [10] . The LIC delivered a moderate discharge capacity up to ca. 32 mAhg -1 ( Figure 1 
All nanostructured carbon based electrodes for LIC via ESD
In this work, we explored the possibility of developing high performance LIC with rGO-CNT electrodes prepared using previously described ESD technique [11] . It has been established that rGO-CNT exhibits high specific capacity, high rate capability, and superior time constant [7] , making it an attractive candidate for LIC, especially as a capacitor-type cathode. Meanwhile, rGO-CNT is considered a promising battery-type anode. The anode was electrochemically pre-lithiated prior to the LIC cell assembly, while as-prepared rGO-CNT was used as cathode. As shown in Figure 1 
Development of Nanostructure SnO2-based Anode Material by ESD
In comparison with bulk materials, nanostructured anode materials offer the advantage of a greater surface area to volume ratio for better lithium-ion storage properties. We evaluated the electrochemical performance of nanostructured Sn-SnO2-CNF composite in this work [12] . Composite of Sn-SnO2-CNF anode material was prepared via electrostatic spray deposition (ESD). The CNF provided sufficient support, eliminating the usage of binder of conductive additives such as carbon black. Figure 2(a) shows the SEM image of the composite coated on Ni foam substrate. The porous substrate may allow improved electrode-electrolyte interaction and enable better active material participation in electrochemical processes. Figure 2(b) shows the discharge capacity of pure CNF and Sn-based composite in different current densities. Discharge capacity of Sn-based composite exhibits higher lithium storage capacity compared to the pure CNF. The results indicates that the Sn-SnO2-CNF composite electrode may provide anode beneficial electrochemical properties when coupled with suitable cathode for LICs.
Moving from Scale-Up to Miniaturized On-Chip Systems
On-Chip Asymmetric Microsupercapacitors Combining Reduced Graphene Oxide and Manganese Oxide for High Energy-Power Tradeoff
Considering the increasing demand for miniaturized electronic microsystems in a variety of technologies, development of efficient and reliable power units that combine well with their functions is important. Aiming to make contribution in this field, asymmetric hybrid microsupercapacitors (MSCs) were fabricated in this work [13] . Interdigital microelectrodes were constructed by established microfabrication techniques followed by active material electrodeposition. The active materials consisted of amorphous manganese oxide (MnOx) as the pseudocapacitive component and reduced graphene oxide (rGO) as the primarily double layer component. MnOx was deposited using a three-electrode set-up was where the interdigitated microelectrodes served as the working electrode, Ag/AgCl and platinum coil were used as reference and counter electrode, respectively. The electrodeposition solution consisted of manganese acetate precursor and Na2SO4 supporting salt. The deposition was realized by applying varying anodic charges followed by washing and drying. For rGO deposition a suspension containing single layer graphene oxide and C2H5OH: DI water (90:10, v: v) in a concentration of 1 mg·mL -1 was used for the EPD process after 1 h of ultrasonication. An electric field of was applied between the gold current collectors and a platinum coil; small amounts of MgCl2 were added to the GO solution in order to enhance the conductivity and facilitate the EPD process. Schematic illustration of the asymmetric microsupercapacitor device is presented in Figure  3 (a). It is shown in the Ragone plot presented in Figure 3(b) , that the rGO//MnOx-microsupercapacitor exhibited a high stack energy density of 102 mWhcm −3 and a maximal power density of 3.44 Wcm −3 both of which are comparable with thin film batteries and commercial supercapacitors in terms of volumetric energy and power densities, respectively. The enhancement in energy-power tradeoff is attributed to the synergism of the hybrid charge storage mechanisms as well as the interdigital anode-cathode design, which can shorten the electrolyte-ion pathways and provide facile shuttling of the ions between the electrodes. Generally, improving the performance characteristics of hybrid capacitive energy storage systems still require more efforts both theoretically and experimentally. The objective of electrode materials for electrochemical energy storage include enhancing electrode-electrolyte interaction and ensuring rapid charge storage. This task requires cost systematic and facile processing steps in order to achieve optimal outcome. In this regard, additive-free electrode fabrication methods such as ESD and EPD may be beneficial. While electrode materials and their intrinsic properties are important, facile methods for efficient utilization of electrode materials to enable better participation in electrochemical processes in are also desirable. Moreover, scaling down hybrid capacitors while still maintaining suitable performance for as energy storage units for microelectronic systems present new challenges. For example, the electrode architecture of MSCs has a large influence on their performance output. In MSC fabrication, strategies to optimally generate beneficial electrode structures/architecture at minimal cost and well suited for mass production while still providing high electrochemical performance are important considerations in the device design. In this viewpoint, 3-D electrode design has advantages in extending the boundaries of power and energy density of MSCs within a limited footprint area. It creates more room for loading of the electrode materials to achieve higher capacitance values. Moreover, 3-D electrode architecture enables more interfacial interaction between electrode and electrolyte materials, thereby enabling performance improvement of the microscale energy storage systems.
Conclusion
Different hybrid capacitors including ATO-LTO//rGO-CNT, rGO-CNT//rGO-CNT and rGO//MnOx electrodes free of traditional conducting carbon or polymer binder additives were discussed showing promising electrochemical performance characteristics. Electrode additives, especially the polymer binders, play an important role in electrodes for electrochemical energy storage systems including hybrid capacitors, by providing mechanical connection between electrode particles. However, they may reduce the overall energy density by introducing inactive weight in the electrodes leading to poor electron transfer during electrochemical cycling. Therefore, employing facile electrode films fabrication techniques such as ESD or EPD which makes the application of binders unnecessary will be a significant progress for high performance hybrid capacitors.
